Adsorption of the cationic salivary proteins lactoferrin, lactoperoxidase, lysozyme and histatin 5 to pure (hydrophilic) and methylated (hydrophobized) silica surfaces was investigated by in situ ellipsometry. Effects of concentration (≤10 g ml −1 , for lysozyme ≤200 g ml −1 ) and dependence of surface wettability, as well as adsorption kinetics and elutability of adsorbed films by buffer and sodium dodecyl sulphate (SDS) solutions were investigated. Results showed that the amounts adsorbed decreased in the order lactoferrin ≥ lactoperoxidase > lysozyme ≥ histatin 5. On hydrophilic silica, the adsorption was most likely driven by electrostatic interactions, which resulted in adsorbed amounts of lactoferrin that indicated the formation of a monolayer with both side-on and end-on adsorbed molecules. For lactoperoxidase the adsorbed amounts were somewhat higher than an end-on monolayer, lysozyme adsorption showed amounts corresponding to a side-on monolayer, and histatin 5 displayed adsorbed amounts in the range of a side-on monolayer. On hydrophobized substrata, the adsorption was also mediated by hydrophobic interactions, which resulted in lower adsorbed amounts of lactoferrin and lactoperoxidase; closer to side-on monolayer coverage. For both lysozyme and histatin 5 the adsorbed amounts were the same as on the hydrophilic silica. The investigated proteins exhibited fast adsorption kinetics, and the initial kinetics indicated mass transport controlled behaviour at low concentrations on both types of substrates. Buffer rinsing and SDS elution indicated that the proteins in general were more tightly bound to the hydrophobized surface compared to hydrophilic silica. Overall, the surface activity of the investigated proteins implicates their importance in the salivary film formation.
Introduction
When a clean surface is introduced in the oral environment it will quickly be covered by a thin film, composed mostly of constituents from saliva. This film, denoted pellicle [1] , is formed by selective adsorption of mainly salivary proteins, among these proline-rich proteins, statherin, lysozyme, histatins and different types of glycoproteins. It is well accepted that the composition of this film influences the subsequent colonization of oral microbes on the oral surfaces (see e.g. [2] and references therein), which leads to the formation of dental plaque and, in some cases, further evolves into plaque related diseases such as caries and periodontitis. Lactoferrin, lactoperoxidase and lysozyme are examples of salivary proteins that are known to have protective bacteria, lysis of the peptidoglycan layer of bacteria cell walls and inhibiting bacterial adherence [6] . Studies have shown that lysozyme retains its activity when adsorbed in the pellicle [8] .
Salivary peptides have also been shown to have antimicrobial activities. Histatins are a large family of small peptides with a high content of histidine and they are known to be both antibacterial and antifungal, inhibiting the growth of e.g. Candida albicans (see [9] and references therein). The most candidacidal peptide of this family has shown to be the cationic histatin 5 (3 kDa, pI = 10) [9] . It has been suggested as a potential drug against oral candidiasis due to its potent antifungal activity against drug-resistant Candida strains and lack of toxicity to humans [9] . In vitro studies have shown that the candidacidal activity of histatin 5 is impaired when adsorbed to surfaces [10, 11] , but upon desorption it is reactivated. Histatins have been identified in both in vitro and in vivo formed pellicles [12] [13] [14] .
The overall character of the pellicle has been reported to be anionic [15] . Since cationic proteins like lactoferrin, lactoperoxidase, lysozyme and histatins have been identified in the pellicle it can be hypothesized that these antimicrobial proteins may enhance the protective functions of the pellicle. Furthermore, effects on the cohesiveness and thickness of the salivary film by electrostatic interactions with anionic pellicle proteins may also be anticipated. The formation of complexes between cationic salivary proteins and the large anionic mucins have been reported in several studies [16] [17] [18] .
As a first step in understanding the role of cationic proteins in the pellicle build-up, and also their possible importance in complex formations with anionic components on surfaces, it was considered relevant to investigate the adsorption behaviour of the single proteins lactoferrin, lactoperoxidase, lysozyme and histatin 5. Due to availability reasons we chose to work with lactoferrin from human milk, lactoperoxidase from bovine milk, lysozyme from hen egg and synthetic histatin 5. The experiments in the present study were carried out to investigate and compare the adsorption behaviour of these four proteins, under identical conditions, within the concentration ranges present in saliva (for lactoferrin and lactoperoxidase ≤10 g ml −1 [6, 7] , lysozyme ≤200 g ml −1 [6] , and histatin 5 ≤45 g ml −1 [19] ). Previously, studies have been performed on the adsorption of lactoferrin [20, 21] , lactoperoxidase [22] and lysozyme [20, [23] [24] [25] [26] [27] , however these publications were carried out using different techniques to some extent, and additionally they were not performed using the same concentration ranges, buffer solutions (or, to some extent, substrates) as the present investigation. The adsorption behaviour of the four chosen proteins was investigated on two types of silica surfaces with different characters. The influence of surface properties was included in this context. To the authors' knowledge, this is the first investigation on the adsorption of histatin 5 to silica surfaces.
Further, this study includes the investigation of elutability of adsorbed films by buffer and surfactant solutions, to characterize the interactions and the stability of the films. Surfactants such as SDS are common constituents in many oral care products (at concentrations up to 0.07 M [28] ) and it was therefore considered relevant to investigate the effect of SDS on the adsorbed protein films. In addition, as several of the proteins in the present investigation are known constituents of e.g. milk, protein-surfactant interactions are of importance in applications such as cleaning of food processing equipment.
The technique of null ellipsometry was employed for these studies, and it has previously been applied successfully for studies on protein adsorption ( [29] and references therein). The general analysis of the experimental results obtained in the present investigation was primarily dealt with from a physico-chemical viewpoint, but also with input on the physiological context of the results (see section on significance).
Experimental

Proteins
Lactoferrin (L0520, 100% pure), lactoperoxidase (L8257, 88% pure), and lysozyme (L6876, 95% pure) were purchased from Sigma-Aldrich Sweden AB, (Stockholm, Sweden). Histatin 5 (72-2-25, >97% pure) was obtained from American Peptide Company Inc. (Sunnyvale, CA, USA). All proteins were used as received. Values of the molecular dimensions of the proteins are shown in Table 1 , including sited references. As different values of the dimensions of lactoferrin were found in recent literature, more than one dimension is given in Table 1 . The results for lactoferrin were therefore analyzed considering the different dimensions given. The dimensions of histatin 5 are, to the authors' knowledge unknown. Studies have shown that it adopts random coil conformation in water and phosphate buffers [30] . The radius of gyration (R g ) was calculated (assuming a theta solvent), using the formula:
where n is the number of amino acids (24 [9] ), and l is the length of each amino acid (approximated to 3.5Å [31] ). A completely stretched molecule would then have a length of 84Å. Also presented in Table 1 are calculated amounts adsorbed corresponding to side-on and end-on monolayer, calculated from the formula:
where Γ is the amount protein per unit area (mg m −2 ), M w the molecular weight (mg mol −1 ), A the area per molecule (m 2 ), and N a Avogadro's constant (6.022 × 10 23 mol −1 ). The proteins were considered to have a rectangular cross section, for histatin 5 the situation of hexagonally packed spheres with a cross section of πR 2 g was also considered.
General
The buffer solution (denoted PBS) was a 10 mM phosphate buffer supplemented with 50 mM NaCl, and adjusted to pH 7.0. SDS (L6026, >99% pure) used for the elution studies, was purchased from Sigma-Aldrich Sweden AB (Stockholm Sweden), and used as received. All water used was of ultra high quality (UHQ), processed in Elgastat UHQ II Model UHQ-PS-MK3 (Elga Ltd., High Wycombe, Bucks, England), and all chemicals used were of at least analytical grade (VWR International, Stockholm, Sweden).
Solid surfaces
The silicon wafers (P-type, boron doped, resistivity 10-20 cm) (Okmetic, Espoo, Finland) used for the ellipsometric experiments, were oxidized to an oxide thickness of approximately 30 nm [32] and cut into pieces measuring 10 mm × 30 mm. To obtain hydrophilic and hydrophobized (methylated) silica surfaces, the surfaces were treated as previously described [33] [34] [35] . Before use, substrates were rinsed with water, ethanol and water and the hydrophilic surfaces were also plasma cleaned in a Harrick Plasma Cleaner PDC-32G (Harrick Scientific Corporation, Ossining, NY, USA). Surfaces prepared as described above have been thoroughly characterized with respect to surface charge (ζ-potential of −45 mV for both pure and methylated silica) and water contact angle (<10 • for hydrophilic, and ≥90 • for hydrophobized substrates) [35] .
Null ellipsometry
In situ null ellipsometry was used for studies of adsorption/elution at the solid/liquid interface. The technique has been described in detail previously [36] . The instrument used was a Rudolph thin film ellipsometer type 43603-200E (Rudolph Research, Fairfield, NJ, USA), automated according to Cuypers et al. [37] . The light source was a xenon lamp, filtered to λ = 442.9 nm. The surface was mounted vertically in the ellipsometric cuvette containing 5 ml of PBS buffer. The cuvette was kept at constant temperature (37 • C) and with a magnetic stirrer at constant stirring rate (325 rpm). Before each measurement, a two-zone surface calibration, in two ambient media (air and PBS) was carried out. This was performed to determine the optical parameters of the substrate, i.e. the refractive index and thickness of the oxide layer. When a constant baseline was obtained, stock solutions of each respective protein was added to the cuvette to final concentrations of up to 10 g ml −1 for lactoferrin, lactoperoxidase and histatin 5, and up to 200 g ml −1 for lysozyme. The adsorption was measured for 120 min, after which 5 min of rinsing with PBS was performed at a continuous flow of 15 ml min −1 . After rinsing, the experiments were monitored for 30 min, followed by addition of SDS solution (17 mM in the cuvette; approximately 8.7 × critical micelle concentration (cmc) in buffer [38] ). After 5 min, another PBS rinsing was carried out as outlined above. The measurements were terminated after 30 min of final monitoring. Each experiment was carried out in at least duplicate.
Mass transport analysis
To investigate if the initial adsorption of each protein was mass transport controlled, the Trurnit model was employed [39] . This model applies to a stirred system, where the mass transport from the bulk to the solid/liquid interface is determined by diffusion over an unstirred layer closest to the solid surface. In the present study, the thickness of this unstirred layer was determined to be approximately 20 m [40] . The model further relies on the hypothesis that the adsorption is considered irreversible and that the time to create a constant concentration gradient in the unstirred layer is negligible. Under these conditions, the initial adsorption rates for a diffusion-controlled system are:
Integration of this formula gives the amount adsorbed versus time:
where Γ is the amount of adsorbed protein per unit area (mg m −2 ), D the diffusion coefficient (m 2 s −1 ), C 0 the bulk concentration (mg m −3 ), δ the thickness of the unstirred layer (m) and t is the time (s). The diffusion coefficients for the proteins are given in Table 1 . For lactoferrin and histatin 5, the diffusion coefficients are, to the authors' knowledge, unknown. D for lactoferrin was approximated to 6 × 10 −11 m 2 s −1 , close to that of lactoperoxidase, due to similar size and the fact that both proteins are globular. For histatin 5, D was estimated to be about 16 × 10 −11 m 2 s −1 from a graph constructed of known diffusion coefficients versus molecular weights of a series of well-defined proteins as described in Lindh et al. [41] . Most of the proteins in this plot have globular structures, which might result in an overestimated value of the diffusion coefficient of histatin 5.
Results and discussion
The present study on the adsorption behaviour of cationic salivary proteins was performed to obtain information on these proteins in terms of (i) surface activity within their concentration range present in saliva, (ii) influence of surface characteristics, (iii) interaction with surface active components (SDS), and (iv) significance of adsorption in the oral cavity.
The results show the different film forming properties and elutabilities of lactoferrin, lactoperoxidase, lysozyme and histatin 5 on hydrophilic and hydrophobized silica substrates. These two model surfaces represent high and low surface energy substrates, and thereby span over the wide variety of hydrophobicity of different types of oral surfaces, both natural and artificial ones. The tooth enamel has a contact angle of 40 • [42] and a slight negative charge [43] , and therefore its wettability will be between that of the two model surfaces used in the present study, but with a lower charge. The buffer solution was chosen to mimic the pH and ionic strength of saliva.
Adsorbed amounts
As can be seen in Fig. 1 and Table 2 , the adsorption of lactoferrin was higher on hydrophilic silica than on hydrophobized surfaces, and the slopes of the isotherms showed that lactoferrin had a higher affinity for the hydrophilic silica. This indicates that the main driving force for adsorption is electrostatic attraction between positively charged segments of the protein and the negatively charged hydrophilic silica. These findings are supported by previous adsorption data on lactoferrin performed at higher concentrations [20] , where it was shown that an increase in salt concentration resulted in a decrease in the adsorbed amounts, further supporting the indications of the importance of electrostatic driving forces for adsorption. Further, adsorption of lactoferrin was concentration dependent ≤5 g ml −1 on both types of surfaces. The adsorbed amounts ≥5 g ml −1 on hydrophilic silica (3.7-4 mg m −2 ) are in good agreement with those performed previously, at concentrations of 0.5 and 5 mg ml −1 (∼4 mg m −2 ) [20] which indicates that a concentration of 5 g ml −1 seems to be sufficient to reach an adsorption saturation for the investigated system. On hydrophobized surfaces, the adsorbed amounts at concentrations >5 g ml −1 (∼2.4 mg m −2 ) was lower compared to the amounts adsorbed at 0.5 and 5 mg ml −1 found in previous studies (∼3.4 mg m −2 ) [20] , indicating that the plateau seen in Fig. 1b is probably only a semi-plateau.
Comparing the adsorbed amounts of lactoferrin with calculated values for monolayer coverage (Tables 1 and 2 ) indicated that side-on monolayer was reached at concentrations as low as approximately 1 g ml −1 and 2.5 g ml −1 on hydrophilic and hydrophobized substrata, respectively. Considering the 3D crystalline structure of lactoferrin obtained by X-ray diffraction (56Å × 95Å × 152Å, see Table 1 ), amounts corresponding to a bilayer was adsorbed at the highest concentrations on Table 2 ). Table 2 Mean adsorbed amounts after 120 min of adsorption, after PBS rinse, and after addition of 17 hydrophilic substrates, whereas on hydrophobized surfaces the adsorbed amount was in the range of an end-on monolayer (Table 2) . However, the dimensions obtained by Small Angle Neutron Scattering (SANS; 47Å × 47Å × 190Å, Table 1 ) indicated that a mixed monolayer composed of both side-on and end-on adsorbed molecules, or possibly a tilted end-on layer, was formed at the higher concentrations on both types of surfaces. The experiments using SANS [21] where performed in a phosphate buffer, similar to the one used in the present investigation, and these data therefore seem to be the most reliable for comparison. Lactoperoxidase showed similar adsorbed amounts on both types of surfaces at concentrations ≤1 g ml −1 , while at higher concentrations the adsorbed amounts on hydrophilic substrata increased above that on the hydrophobized silica ( Fig. 1 and Table 2 ). This indicates that electrostatic interactions are of great importance for lactoperoxidase adsorption. Lactoperoxidase, however, has a slightly higher affinity for hydrophobized surfaces than lactoferrin (deduced from the slopes of the isotherms in Fig. 1) . Therefore also hydrophobic interactions may be anticipated to contribute to the adsorption. This is in agreement with the fact that lactoperoxidase has a lower charge at pH 7 and a slightly higher aliphatic index but similar size and pI compared to lactoferrin, as seen in Table 1 . The influence of the individual interactions could be clarified by e.g. studies at different ionic strengths. The isotherms of lactoperoxidase levelled off at concentrations >4 g ml −1 on both hydrophilic and methylated surfaces. Mårtensson et al. [22] investigated the adsorption of lactoperoxidase in 10 mM phosphate buffer, and showed that the adsorbed amounts were concentration dependent below 1 g ml −1 on both hydrophilic and hydrophobized silica. These data differs from the ones obtained here, and this may be explained by the higher ionic strength used in the present study that screens the electrostatic attraction between proteins and surfaces resulting in a shift of the isotherm towards higher concentrations. In addition, Mårtensson et al. [22] performed the adsorption experiments after the ellipsometric cuvette walls had been saturated with adsorption of lactoperoxidase. This factor also contributes to the differences in results compared to the data obtained in the present study.
On hydrophilic silica, the adsorption of lactoperoxidase reached amounts corresponding to side-on monolayer at concen-trations between 1-2 g ml −1 and >3.5 g ml −1 the adsorbed amounts were higher than an end-on monolayer, indicating that a bilayer was starting to form. On hydrophobized surfaces, adsorbed amounts in the range of side-on monolayer was reached at concentrations >2 g ml −1 . At higher concentrations, the adsorbed amounts corresponded to a mixture of side-on and end-on adsorbed molecules.
At low concentrations of lysozyme, the adsorbed amounts were lower on hydrophilic substrates than on hydrophobized silica ( Fig. 1 and Table 2 ). At higher concentrations however (≥100 g ml −1 ), the adsorbed amounts on the two types of substrates were the same ( Table 2 ). The slopes of the isotherms indicated a higher affinity for the methylated silica. The adsorbed amounts on hydrophilic silica correlates well with previously reported values [24, 25] . Adsorption at concentrations ≤0.2 mg ml −1 has, to the authors' knowledge, not been performed on methylated silica previously, using ellipsometry. Neutron reflectivity investigations [26] showed adsorbed amounts from 30 g ml −1 to be 1.4 mg m −2 on octadecyltrichlorosilane modified silica, which is in good agreement with the data obtained here (Table 2 ). On both types of surfaces, the adsorbed amounts at higher concentrations (≥100 g ml −1 , see Table 2 ) showed excellent agreement with the calculated side-on monolayer (Table 1) .
Similar adsorbed amounts of histatin 5 were observed on the two types of substrates ( Fig. 1 and Table 2 ). Histatin 5 has 2 hydrophobic amino acids, and 6 polar, 2 negatively charged and 14 positively charged ones (including histidine). Due to the low hydrophobicity (also illustrated by the low aliphatic index in Table 1 ) and the dominance of positively charged amino acids histatin 5 can, in contradiction to the other proteins investigated, be regarded as a small polyelectrolyte. As both the hydrophilic and hydrophobized silica have a negative charge (ζ-potential of −45 mV), the adsorption is likely driven by electrostatic interactions on both types of substrates.
The adsorption of histatin 5 was only concentration dependent at low concentrations (≤1 g ml −1 on hydrophilic silica and ≤3 g ml −1 on hydrophobized substrata), and we therefore chose to only investigate concentrations ≤10 g ml −1 , although histatin 5 is known to be present in saliva at concentrations of up to 45 g ml −1 [19] . The amount of histatin 5 on the surfaces corresponded to a monolayer of completely stretched molecules (Tables 1 and 2 ). The above indications that histatin 5 can be considered as a polyelectrolyte support the stretched conformation on the surfaces. On the other hand, studies have shown that histatin 5 adopts random coil conformation in aqueous solutions [30] . Our data indicates that if such structures are present at the interface the density has to be far below monolayer coverage.
Kinetics
As representative examples of kinetics, adsorbed amounts versus time, upon adsorption from 10 g ml −1 solutions of lactoferrin, lactoperoxidase, lysozyme and histatin 5, respectively, are illustrated on both types of substrates in Fig. 2 . The fast adsorption kinetics observed for all investigated proteins are supported by previous reports [11, 20, 22, 24] . Histatin 5 adsorption to silica surfaces has, as pointed out above, not been investigated before. The adsorption of histatin 5 to hydroxyapatite (the main mineral component of enamel) showed fast kinetics, where a plateau was reached within a few minutes [11] .
An overshoot in adsorption of lactoperoxidase was observed on hydrophobized surfaces (Fig. 2b) , at concentrations ≥2 g ml −1 , and explanations may be orientational changes and/or competitive spreading. Unfolding/conformational changes of proteins adsorbed during the initial stages may take place, to increase their surface contact points and thus the molecules will be more strongly attached to the surface. This may result in decreased adsorbed amounts due to desorption of some of the more loosely adsorbed molecules. Another possible explanation may be competitive adsorption of different isoforms. Lactoperoxidase is known to consist of isoforms which have different pI's [4, 6, 7] . A possible mechanism could be that one isoform present in highest concentration adsorbs initially, and with time is exchanged by another isoform (present in lower concentrations) that yields a more stable adsorbed layer. Comparing the adsorbed amounts with the calculated values for a monolayer (Table 1) indicated that during the peak an end-on monolayer was formed, but as competitive adsorption/spreading and/or reorientation occurred a relatively large part of the adsorbed proteins detached from the surface. Previous studies did not report any similar peaks in the adsorption behaviour of lactoperoxidase [22] . These contradictory results could be due to e.g. differences in the lactoperoxidase preparations used. Fig. 3 illustrates typical initial adsorption kinetics during the first 5 min of adsorption of the proteins. The calculated values of the mass transport controlled adsorption rates for the proteins, using the diffusion coefficients given in Table 1 , are inserted for comparison. For lactoferrin (Fig. 3a) , the adsorption was diffusion controlled during the first 3 min on both types of surfaces, indicating that the initial adsorption was largely independent of surface type. Lactoperoxidase adsorption (Fig. 3b) showed to be diffusion controlled during the first 1.5 min of adsorption on both types of substrates. Previous observations on the initial rate of adsorption of lactoperoxidase in a phosphate buffer without added salt support these findings [22] . For lysozyme (Fig. 3c) , the adsorption to hydrophobized silica was controlled by diffusion during the first minute. On hydrophilic silica, previous studies illustrated that the adsorption at low concentrations of lysozyme was diffusion limited in phosphate buffer without added NaCl up to 100 s, while in phosphate buffer supplemented with 150 mM NaCl, the adsorption was not diffusion controlled [24] . As seen in Fig. 3c , our data showed diffusion-controlled adsorption during the first 30 s. For histatin 5 (Fig. 3d ) the first 30 s of adsorption was diffusion controlled on both types of surfaces.
Deeper analysis of the initial adsorption showed that all the investigated proteins (except lysozyme on hydrophobized surfaces) deviated from their respective calculated mass transport adsorption rates at a surface coverage below 50% of plateau values. This indicates packing restrictions due to lateral forces between adsorbed proteins. Possibly, there is a slow deformation of the adsorbed proteins occurring at these low concentrations, leading to a larger surface area/molecule. At higher concentrations of the proteins (data not shown), the first few minutes of adsorption yielded higher adsorbed amounts in relation to the plateau values, indicating that as more proteins approached the surface simultaneously there is less time for any spreading to occur, leading to a smaller surface area per molecule and thus better packing on the surface.
For lysozyme on hydrophobized silica, the surface coverage when the adsorption deviated from the calculated diffusion rates corresponded to 80% of the plateau value, and no major differences were observed with increasing concentrations. This indicates that lysozyme does not undergo major conformational changes during adsorption.
Elutability
Many studies on the adsorption of protein solutions have shown that upon dilution, a fraction of the adsorbed amount is rinsed off, indicating multiple states of binding [20, 41, 44] . Further, previous studies on surfactant interactions with different types of in vitro formed salivary films on well-defined model substrates have illustrated different types of interactions [34, 38, 45] . The SDS concentration used in the present study (17 mM) was well above the cmc in buffer (which is approximately 1.95 mM), and this SDS concentration has previously shown to completely desorb the in vitro salivary pellicle formed on hydrophilic silica from 10% human whole saliva [38] .
On the hydrophilic silica, dilution and particularly addition of SDS influenced the adsorbed amounts of all investigated proteins ( Fig. 2 and Table 2 ). PBS rinsing resulted in the removal of a fraction of loosely absorbed material, indicating multiple states of binding as mentioned above. Upon SDS elution, an immediate desorption was observed, which resulted in an almost complete removal of the adsorbed proteins. This effect was most evident for lactoferrin and lactoperoxidase due to their higher adsorbed amounts prior to addition of SDS (Fig. 2a and b and Table 2 ). Previous studies on surfactant-protein interactions have described a mechanism for the elution [23] , where SDS is believed to form charged complexes with the proteins on the surface. These complexes have a higher net negative charge and/or increased hydrophilicity, which result in increased electrostatic repulsion with the anionic surface and/or higher solubility. The complex formation seemed to be independent of adsorbed amounts of the investigated proteins prior to SDS addition, as the amount remaining adsorbed after SDS/PBS rinse was the same for all the proteins, at all concentrations (Table 2 ). This indicates that SDS was present in sufficient amounts for complex formations. Indeed, the cooperative binding of surfactant to proteins and polymers usually start at a critical association concentration lower than the cmc of the surfactant [46] .
On hydrophobized silica, no desorption was observed upon dilution, rinsing with PBS, except for the case of histatin 5. This illustrates the strong binding strength of the hydrophobic interaction, which also may cause conformational changes due to the exposure of hydrophobic interior groups to the surface. Histatin 5, which is a small peptide, detached easily upon dilution, probably due to few surface contact sites per peptide. The generally higher adsorbed amounts that remained after SDS elution on hydrophobized silica surfaces in comparison to hydrophilic ones further illustrates a high degree of "irreversible" adsorption. Upon addition of SDS and during the 5 min when SDS was allowed to interact with the adsorbed protein films, only small changes in adsorbed amounts were observed for all proteins (Fig. 2) . When buffer rinsing after SDS addition was initiated, a relatively large decrease in adsorbed amounts could be seen. A proposed mechanism for the SDS elution is that SDS coadsorbs to the protein film and exchanges part of the adsorbed proteins from the hydrophobized surface [23] . Complex formations between SDS and proteins are also expected, as described for hydrophilic silica. The SDS molecules are then desorbed during the following buffer rinse, leaving only the non-displaced fraction of proteins on the surface. This again indicates multiple states of protein binding. The remaining fraction seemed to be dependent on the protein size but also to some extent on the adsorbed amounts prior to SDS elution ( Table 2) .
The large fractions removed by SDS on both types of surfaces indicate that the combination of SDS-containing oral care products supplemented with one or more of these antimicrobial proteins could result in reduced efficiency, as pointed out by e.g. Tenovuo [47] .
Significance
On hydrophilic silica surfaces the steep slopes of the isotherms and the high adsorbed amounts of the investigated proteins (correlating to side-on and end-on monolayer at concentrations relevant in saliva) suggests that these proteins have strong driving forces for adsorption, comparable to those observed for salivary secretions [14, 33, 34, 38] and single key-pellicle proteins [41, 48] .
Adsorption to oral interfaces may serve as a reservoir for the active antimicrobial components. The lower adsorbed amounts of lactoferrin and lactoperoxidase on hydrophobized silica indicates that dental materials with a more hydrophobic character, such as polymeric materials, will adsorb lower amounts of these proteins (which are less reversibly bound), which may have con-sequences for the depot of antimicrobial components formed in the oral cavity.
Further, more specifically for histatin 5, studies have shown that the candidacidal function is impaired upon adsorption, however when the peptides are desorbed the anti-Candida activity is reactivated [10, 11] . This study showed that a large fraction of histatin 5 easily desorbed upon dilution, illustrating that the peptide might be readily released so that it can regain its antimicrobial activity. An additional advantage is that this may occur at its potential site of action that is e.g. at the denture/mucosa interface.
Finally, the effect of oral care products containing SDS may be two-fold; they may reduce the binding of the investigated proteins (and may also inactivate them [47] ), but it may also increase the release of adsorbed proteins that are active in solution, such as histatin 5.
Summary
To gain knowledge of the role of cationic protein adsorption in the pellicle formation, the adsorption of lactoferrin, lactoperoxidase, lysozyme and histatin 5 was investigated. Adsorption of the investigated proteins to the anionic hydrophilic silica surfaces showed to be dominated by electrostatic attraction. SDS elution resulted in immediate desorption which probably was a consequence of the formation of complexes between the proteins and SDS. On hydrophobized silica, the adsorption seemed to also be mediated by hydrophobic interactions (except for the case of histatin 5), which resulted in lower adsorbed amounts for lactoferrin and lactoperoxidase compared to hydrophilic silica, and the same adsorbed amounts for lysozyme and histatin 5. The proteins (excluding histatin 5) were more tightly bound to this surface type as indicated by buffer rinsing and SDS elution. Overall, the investigated proteins have shown to have a high surface activity within physiological concentrations and are therefore able to compete with anionic salivary proteins, thus indicating the possible importance of cationic proteins in the pellicle formation.
